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Abstract 
This paper examines the impact of installing Thyristor Controlled Series Compensator (TCSC) on Available Transfer Capability 
(ATC) in a system with wind and hydro generations. Wind resource is modelled as an active power generation, wind power being 
decided by average wind velocity values over 24 hour duration. Hydro power output is represented as a polynomial in two 
variables, water discharge and volume of water in the reservoir. The variation in ATC is first observed with varying wind and 
hydro generations over 24 hours and then a steady state model for TCSC is used to bring out its effect on ATC. The ATC values 
with TCSC are obtained by varying the location of the device through different lines. The site which gives the maximum values 
for ATC is chosen as the optimal placement of TCSC. Modified IEEE 24 bus reliability test system (RTS) is used for the study. 
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Nomenclature 
Sets 
ݔ, ݑ, ݌, ξwind, ξhydro Denote state vector, control parameters, fixed parameters, parameters for wind, hydro  
ξTCSC, ܰ, ௞ܰ, ܶ and TCSC, no. of buses, hydro units, set of time intervals respectively. 
Index variables 
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݅, ݆, ݇, ݐ Represent the indices for buses, hydro units and time intervals respectively. 
Variables & parameters 
ߣ Loadability factor 
ܲீ ௜ , ௐܲ௜ , ுܲ௜ Denote the active power generation for thermal, wind and hydro generators at ith bus. 
ܳீ௜  Represents the reactive power generation for thermal unit at ith bus. 
஽ܲ௜, ܳ஽௜ Are the active and reactive power demands at the ith bus.
௜ܸ, ௝ܸ, ߜ௜, ߜ௝ Are the voltages and voltage angles at buses i and j respectively. 
ܲீ ௜௠௜௡, ுܲ௜௠௜௡,  ௜ܲ௝௠௜௡ Represent the minimum and maximum limits of thermal generation, hydro generation 
ܲீ ௜௠௔௫ , ுܲ௜௠௔௫, ௜ܲ௝௠௔௫  power flows for active power. 
ܳீ௜௠௜௡, ௜ܳ௝௠௜௡, Represent the minimum and maximum limits for thermal generation and power flows 
ܳீ௜௠௔௫ , ௜ܳ௝௠௔௫ considering reactive power. 
௜ܸ௠௜௡, ௝ܸ௠௜௡ Denote the minimum and maximum values for voltage and voltage angles at buses i and 
௜ܸ௠௔௫, ௝ܸ௠௔௫ j. 
ߜ௜௠௜௡, ߜ௝௠௜௡  
ߜ௜௠௔௫, ߜ௝௠௔௫  
ܲீ ௠௢ , ஽ܲ௡௢  Are the generation and demand values at seller and buyer buses. 
ܲீ ௠, ஽ܲ௡ Denote the change in generation and demand at seller and buyer buses respectively. 
௜ܺ௝, ܺ௖, ௜ܺ௝௘௙௙  Represent the reactance of transmission line between buses i and j, the reactance of TCSC  
 and the equivalent reactance of the transmission line after the installation of TCSC. 
ݕ௜௝௘௙௙ , ݃௜௝௘௙௙ , ܾ௜௝௘௙௙  Denote the effective values of transmission line admittance, conductance and susceptance 
 after the installation of TCSC. 
ܩ௜௝௘௙௙ , ܤ௜௝௘௙௙  Represent the effective values of conductance and susceptance matrices after TCSC
 installation. 
ݒ௖௜ , ݒ௥ , ݒ௖௢, ௥ܲ  Are the cut-in speed, rated speed, cut-out speed and rated power outputs of wind turbine. 
ܿଵ௞, ܿଶ௞, ܿଷ௞, ܿସ௞, ܿସ௞, ܿହ௞ Denote the coefficients of hydro power generation for kth hydro plant. 
ݍு௞, ܸ݈ு௞ Represent the discharge and volume of water in the reservoir for kth hydro unit. 
ܫு௞, ܵு௞ Denote water inflows and spillage respectively for kth hydro unit. 
ܸ݈ு௞௠௜௡, ܸ݈ு௞௠௔௫  Are the minimum and maximum limits of water level in the reservoir for kth hydro unit. 
ݍு௞௠௜௡, ݍு௞௠௔௫ Denote the lower and upper limits of water discharge from the reservoir for kth hydro unit. 
 
ܸ݈ு௞
௕௘௚௜௡, ܸ݈ு௞௘௡ௗ Represent the initial and final water levels in the reservoir for kth hydro unit. 
1. Introduction 
The NERC report [1] quotes, “ATC is a measure of transfer capability remaining in a physical transmission 
network for further commercial activity over and above the committed uses.” ATC calculation in a restructured 
market has been taken up by many authors. ATC determination with FACTS devices using PTDFS approach is 
presented in [2]. [3] presents ATC calculation with ZIP load model. 
TCSC models for improvement of ATC are formulated in [4]-[6]. ATC calculation with renewable energy 
resources is the current area of interest for various researchers. In [7] ATC is determined incorporating wind 
generation. Available transfer capability calculation with large offshore wind farms connected by VSC-HVDC is 
presented in [8]. In [9] an assessment of transfer capability requirement for wind power generation using combined 
deterministic and probabilistic approach is put forth. An optimal power flow solution incorporating wind power is 
given in [10]. ATC calculation with hydro generation has not been considered by many authors but a number of 
authors have considered hydro generation for optimal hydrothermal coordination problem. A model for optimal 
scheduling of hydro thermal systems including pumped storage and wind power is given in [11]. Short-term optimal 
hydrothermal scheduling problem is considered in [12], [13]. In [14] an optimized day-ahead hydrothermal wind 
energy systems scheduling using parallel PSO is presented. 
In this paper an optimal power flow (OPF) based approach [15]-[19] is used for bringing out the impact of TCSC 
on ATC in a system with wind and hydro generations. Rest of the paper is organized into 6 sections. Section 2 
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explores the optimal power flow problem formulation. TCSC modelling is discussed in Section 3. Sections 4 and 5 
are devoted to wind and hydro generation modelling. Simulation and results are discussed in Section 6. Section 7 
concludes the paper.  
2. Problem Formulation 
2.1. Optimal power flow problem  
 Optimize (ݔ, ݑ, ݌, ξwind, ξhydro, ξTCSC) (1) 
Subject to equality and inequality constraints defined by: 
 ݄ (ݔ, ݑ, ݌, ξwind, ξhydro, ξTCSC) = 0 (2) 
 ݃ (ݔ, ݑ, ݌, ξwind, ξhydro, ξTCSC) ≤ 0 (3) 
A basic representation of an optimal power flow problem is given in (1)-(3), Where, (1) represents the objective 
function which is to be optimized within the constraints listed in (2) and (3). 
2.2. Actual OPF problem  
The Objective of this work is to maximize ATC for a single bilateral transaction between a seller bus and a buyer 
bus and thus which corresponds to the maximization of the loadability factor λ. Objective function becomes: 
Maximize  λ (4) 
Constraints taken into account for the optimal power flow problem can be listed down as under: 
(i) Equality Constraints: The equality constraints are the power injections at all the buses and can be 
represented by using the power balance equations as: 
Real power injection equations at any bus i from load flow analysis, given as: 
 ௜ܲ െ σ ௜ܸ ௝ܸൣܩ௜௝ݏ݅݊൫ߜ௜௝൯ െ ܤ௜௝ܿ݋ݏ൫ߜ௜௝൯൧ே௝ୀଵ ൌ Ͳ (5) 
Reactive power injection equations at any bus i from load flow analysis, given as 
 ௜ܳ െ σ ௜ܸ ௝ܸൣܩ௜௝ܿ݋ݏ൫ߜ௜௝൯ െ ܤ௜௝ݏ݅݊൫ߜ௜௝൯൧ே௝ୀଵ ൌ Ͳ (6) 
 ௜ܲ ൌ ܲீ ௜ ൅ ௐܲ௜ ൅ ுܲ௜ െ ஽ܲ௜  (7) 
 ௜ܳ ൌ ܳீ௜ െ ܳ஽௜  (8) 
(ii) Inequality constraints: The considered inequality constraints are as follows: 
 ௜ܸ௠௜௡ ൏ ௜ܸ ൏ ௜ܸ௠௔௫ ௝ܸ௠௜௡ ൏ ௝ܸ ൏ ௝ܸ௠௔௫ (9) 
 ߜ௜௠௜௡ ൏ ߜ௜ ൏ ߜ௜௠௔௫ ߜ௝௠௜௡ ൏ ߜ௝ ൏ ߜ௝௠௔௫ (10) 
 ܲீ ௜௠௜௡ ൏ ܲீ ௜ ൏ ܲீ ௜௠௔௫ ܳீ௜௠௜௡ ൏ ܳீ௜ ൏ ܳீ௜௠௔௫ (11) 
746   Abhishek Gupta and Ashwani Kumar /  Procedia Technology  25 ( 2016 )  743 – 750 
 ுܲ௜௠௜௡ ൏ ுܲ௜ ൏ ுܲ௜௠௔௫  (12) 
 ௜ܲ௝௠௜௡ ൏ ௜ܲ௝ ൏ ௜ܲ௝௠௔௫ ௜ܳ௝௠௜௡ ൏ ௜ܳ௝ ൏ ௜ܳ௝௠௔௫ (13) 
When a bilateral transaction is considered for the ATC calculation, the change in generation of the seller bus and 
the corresponding change in demand at the buyer bus can be calculated using: 
 ܲீ ௠ ൌ ߣܲீ ௠௢  ஽ܲ௡ ൌ ߣ ஽ܲ௡௢  (14) 
When the value of the loadability factor ߣ is maximized within the listed constraints, ஽ܲ௡ gives the maximum 
amount of power that can be transferred to the buyer bus n and thus the ATC can be represented as: 
 ATC = ߣ௠௔௫ ஽ܲ௡௢ െ ஽ܲ௡௢   (15) 
3. TCSC Modelling 
TCSC shows the behavior of a variable capacitive reactance. The power transfer capability is improved by using 
the TCSC as it reduces the line reactance by acting as a series compensator. The reactance of TCSC is a function of 
firing angle of the thyristors but the steady state impedance of TCSC is that of a fixed capacitor [4], [6]. Thus for 
providing series compensation, TCSC can be taken as a static series capacitive reactance, Ȃ ݆ܺ௖ . 
 ௜ܺ௝ǡ௘௙௙ ൌ ௜ܺ௝ െ ܺ௖  (16) 
Thus effective admittance of a transmission line connected between buses i and j, after the installation of TCSC 
becomes, 
 ݕ௜௝ǡ௘௙௙ ൌ ݃௜௝ǡ௘௙௙ ൅ ܾ௜௝ǡ௘௙௙  (17) 
Using the values of effective admittances of different transmission lines ௕ܻ௨௦ǡ௘௙௙ can be formed and thus we have 
effective values of conductance and susceptance matrices given by ܩ௜௝ǡ௘௙௙  and ܤ௜௝ǡ௘௙௙ respectively. These values are 
then used in (6) and (7) to model the effect of TCSC introduction on real and reactive power injections. 
 ௜ܲ െ σ ௜ܸ ௝ܸൣܩ௜௝ǡ௘௙௙ݏ݅݊൫ߜ௜௝൯ െ ܤ௜௝ǡ௘௙௙ܿ݋ݏ൫ߜ௜௝൯൧ே௝ୀଵ ൌ Ͳ (18) 
 ௜ܳ െ σ ௜ܸ ௝ܸൣܩ௜௝ǡ௘௙௙ܿ݋ݏ൫ߜ௜௝൯ െ ܤ௜௝ǡ௘௙௙ݏ݅݊൫ߜ௜௝൯൧ே௝ୀଵ ൌ Ͳ (19) 
The maximum and minimum limits of the TCSC reactance are also included for optimal power flow formulation. 
 ͲǤͳ ௜ܺ௝ ൑ ܺ௖ ൑ ͲǤ͵ ௜ܺ௝  (20) 
4. Modelling of wind generation 
4.1. Wind turbine model 
The wind turbine model [20], [21] utilized for the purpose of this work is assumed to operate at unity power 
factor and can be mathematically represented as: 
  0 ݒ ൏ ݒ௖௜ ׫ ݒ ൐ ݒ௖௢  
 ௐܲሺݒሻ ൌ ௥ܲ ቀ
௩ି௩೎೔
௩ೝି௩೎೔
ቁ  ݒ௖௜ ൑ ݒ ൏ ݒ௥  (21) 
 ௥ܲ   ݒ௥ ൑ ݒ ൑ ݒ௖௢  
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This mathematical model represents a linear transformation of wind speed into power output from the wind 
turbine. Depending upon the wind velocity at any instant of time, a given value of wind power output is obtained 
from the wind turbine. 
4.2. Dependence of wind speed on hub height 
The hub height of the wind turbine may be entirely different from the height at which the wind speed in a 
particular area is measured. Since the wind speeds at different hub heights vary significantly, there is a need to 
interpolate the wind speed data to the hub height of wind turbine under consideration. The variation in the wind 
speed with hub height can be represented as follows: 
 
௩మ
௩భ
ൌ  ቀ௛మ௛భቁ
ఈ
   (22) 
Where, ࢜૚  and ࢜૛  represent the wind speeds at hub heights ࢎ૚  and ࢎ૛  respectively. The factor ࢻ  is an 
exponential factor which depends on atmospheric stability and surface roughness. Its value is generally 
approximated to 0.14. For this work too ࢻ is taken as 0.14. 
5. Hydro resource modelling 
The hydro model considered in this work has been used by many authors [11], [12] for short-term optimal 
hydrothermal scheduling [STOHS] problem. A mathematical formulation of the model along with other details can 
be represented as: 
x Hydro Power output: The power output from a hydro plant is considered as a bivariate second degree 
polynomial considering water discharge and level of water in the reservoir at a given instant as variables. 
 ୌ୩ǡ୲ ൌ ଵ୩ୌ୩ǡ୲ଶ ൅ ଶ୩ୌ୩ǡ୲ଶ ൅ ଷ୩ୌ୩ǡ୲ୌ୩ǡ୲ ൅ ସ୩ୌ୩ǡ୲ ൅ ହ୩ୌ୩ǡ୲ ൅ ଺୩ǡ  ൌ ͳǡʹǡ ǥ Ǥ ୩ (23) 
x Dynamic balancing of reservoir storage: The level of water in the reservoir changes for every time interval 
depending upon the amount of water flowing into the reservoir and amount of water discharge chosen for 
that interval. Water spillage can also be considered in this equation. 
 ୌ୩ǡ୲ାଵ ൌ ୌ୩ǡ୲ ൅ ୌ୩ǡ୲ െ ୌ୩ǡ୲ െ ୩୦ǡ୲,   ൌ ͳǡʹǡ ǥ Ǥ Ǥ ǡ ୩;  ൌ ͳǡʹǡǥ Ǥ Ǥ ǡ  (24) 
x Initial and final reservoir storage constraint: The initial and final volume constraint for the reservoir can be 
represented mathematically as, 
 ୌ୩ǡଵ ൌ ୌ୩
ୠୣ୥୧୬ǡ ୌ୩ǡ୘ାଵ ൌ ୌ୩ୣ୬ୢǡ  ൌ ͳǡʹǡ ǥ Ǥ Ǥ ǡ ୩ (25) 
x Reservoir storage limits: The minimum and maximum limits of water level in the reservoir are given as: 
 ୌ୩୫୧୬ ൑ ୌ୩ǡ୲ ൑ ୌ୩୫ୟ୶ǡ  ൌ ͳǡʹǡǥǥ ǡ ୩  (26) 
x Water discharge rate constraint: The water discharge from the reservoir at any time instant should adhere to 
upper and lower limits. 
 ୌ୩୫୧୬ ൑ ୌ୩ǡ୲ ൑ ୌ୩୫ୟ୶ǡ  ൌ ͳǡʹǡ ǥǥ ǡ ୩ (27) 
x Hydro power generation limits: The upper and lower limits for hydro power generation are given as: 
 ୌ୩୫୧୬ ൑ ୌ୩ǡ୲ ൑ ୌ୩୫ୟ୶ǡ  ൌ ͳǡʹǡ ǥǥ ǡ ୩  (28) 
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6. Simulation and Results 
The simulation work is carried out in MATLAB environment and the optimization problem is solved by calling 
CONOPT solver of GAMS (distribution 23.4) from MATLAB. The models for wind, hydro and TCSC are 
formulated in GAMS and the results for loadability factor obtained after solving the optimization problem are 
transferred to MATLAB for ATC calculation. A modified IEEE 24 bus RTS [22] is used for the purpose of study.  
Table 1. Coefficients for hydro units. Table 2. Parameters for hydro units. 
 
 
 
 
 
 
 
 
 
 
 Fig. 1. wind power variation.  Fig. 2. hydro power for case 1 of scenario 3.  
The wind generation is considered at bus 10. Two hydro generators at buses 15 and 18 constitute the hydro 
generation. For all scenarios ATC is calculated considering a single bilateral transaction taking bus 23 as the seller 
bus and bus 15 as the buyer bus. In order to present a vivid picture of impact of renewable energy sources and TCSC 
on ATC, the whole work is carried out considering three different scenarios, viz. ATC considering wind generation, 
ATC incorporating hydro plants and ATC with wind and hydro generation. The three scenarios are further 
subdivided into two cases, case 1 is without TCSC and case 2 considers the impact of TCSC installation. 
100 units of VESTAS-110 wind turbines with specifications as in [21] constitute the wind farm. 24 hour wind 
velocity data have been procured from [23]. Power output of wind turbine is calculated using (21) and the values 
obtained are used in different scenarios. Hydro generation has been modelled using (23)-(28). Water Inflows for a 
period of 24 hours are taken from [12] and various specifications are as listed in Table 1 and Table 2. The water 
discharge and thus the hydro power output are decided so as to maximize the ATC. TCSC for every case is placed 
one by one in each of the lines and corresponding ATC values are analyzed. For ATC enhancement best location is 
found at line 12-23 for every scenario as here the ATC is found to be maximum. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) ATC for scenario 1; (b) ATC for scenario 2; (c) ATC for scenario 3. 
 
 
 
 
Various parameters for hydro units (unit X ૚૙૝࢓૜) 
S.N. ୌ୩୫୧୬ ୌ୩୫ୟ୶ ୌ୩୫୧୬ ୌ୩୫ୟ୶ ୌ୩
ୠୣ୥୧୬ ୌ୩ୣ୬ୢ 
1 60 120 6 15 80 115 
2 80 150 5 15 100 130 
Generation Coefficients for hydro units 
S.N. ଵ୩ ଶ୩ ଷ୩ ସ୩ ହ୩ ଺୩ 
1 -0.004 -0.3 0.015 1.14 9.5 -70 
2 -0.0042 -0.42 0.03 0.9 10 -50 
a b c 
 
a b 
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Fig. 4. comparison of ATC values for various scenarios in (a) case 1; (b) case 2. 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) hydro power; (b) water discharge, for case 2 of scenario 3. 
The wind turbine power output is shown in Fig. 1. Fig. 2 shows the hydro power output variation for case 1 of 
scenario 3. Similar hydro power variations are obtained in scenario 2 (both cases). The ATC variation over a period 
of 24 hours is shown for each of the 2 cases of scenario 1, scenario 2 and scenario 3 in Fig. 3 (a), (b) and (c) 
respectively. A perusal of Fig. 1-Fig. 3 shows that as the wind and hydel powers injected into the system increase, a 
corresponding increment in ATC is observed. Also for each of the scenarios it is found that TCSC installation 
results in an increment in ATC. 
A comparison of ATC values obtained in case 1 and case 2 is shown in Fig. 4 (a) and (b) respectively. The 
curves show that when TCSC is installed into the system ATC is higher and dips in ATC because of sharp variation 
in wind power are also smoothened out at some places. The slope of ATC curve is also more when TCSC is present. 
Fig. 5 (a) and (b) represent the hydro power output and water discharge respectively for case 2 of scenario 3. An 
examination of Fig. 2 and Fig. 5 (a) shows that hydro power injected into the system at 18th bus increases in the 
presence of TCSC. Table 3 puts forward the ATC values obtained under both the cases for different scenarios 
considered. The ATC value obtained for a bilateral transaction from bus 23 to bus 15 for IEEE 24 bus system using 
OPF technique is 7.88690. The values listed in Table 3 are obtained assuming the active and reactive power 
demands to be constant at peak demand for 24 hour period. The values obtained show clearly that with wind power 
the variation in ATC is a lot more sporadic however with hydro generation the variation is smoother. 
Table 3. ATC values for both cases for different scenarios. 
Time 
(hours) 
ATC for scenario 1 ATC for scenario 2 ATC for scenario 3 
Case 1 Case 2 Case 1 Case2 Case 1 Case 2 
1 11.72815 12.41005 8.750884 10.03962 12.87021 13.16144 
2 11.55027 12.32105 8.792308 10.08084 12.73438 13.15605 
3 11.28758 12.06255 8.826286 10.11466 12.50632 13.22488 
4 11.99417 12.43893 8.859838 10.14809 13.24481 13.23354 
5 12.27667 12.44706 8.888419 10.17658 13.17773 13.26465 
6 12.25284 12.44658 8.908022 10.19612 13.18571 13.28169 
7 12.37943 12.44919 8.924915 10.21293 13.20826 13.29773 
8 12.39452 12.45091 8.938820 10.22674 13.21705 13.30881 
9 12.12190 12.44396 8.958900 10.24671 13.22895 13.31684 
10 12.10227 12.44357 8.984323 10.27202 13.25805 13.33532 
11 12.40856 12.44586 9.013977 10.30156 13.25636 13.32981 
12 12.40856 12.44586 9.042351 10.32983 13.26965 13.34890 
13 12.25284 12.44658 9.059519 10.34693 13.27561 13.38943 
14 11.50573 12.27722 9.076880 10.36422 12.99576 13.36912 
15 11.10862 11.88643 9.097330 10.38461 12.61664 13.43186 
16 9.430844 10.49161 9.113363 10.40060 10.67114 12.00356 
17 8.655911 9.936547 9.122821 10.41004 9.907465 11.22156 
18 8.771474 10.05048 9.158930 10.44614 10.05769 11.36832 
19 9.323812 10.42667 9.195677 10.48289 10.64381 11.94529 
20 8.176610 9.463971 9.232798 10.52002 9.537751 10.85416 
21 8.952970 10.20148 9.269881 10.55712 10.34763 11.65228 
22 7.886962 9.178348 9.309828 10.59707 9.325177 10.64361 
23 7.886962 9.178348 9.347789 10.63501 9.362675 10.68004 
24 8.217963 9.504746 9.317285 10.60414 9.647453 10.92968 
 
a b 
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7. Conclusions 
This paper presents the impact of TCSC installation on ATC in a system with wind and hydro generations. The 
results obtained in the two cases of various scenarios lead us to certain conclusions. The ATC swells as the wind and 
hydro powers injected into the system increase, a corresponding decrement in ATC is observed for reducing 
renewable power injections. When wind generation is present in the system, the variation in ATC is more sporadic 
as compared to the case when only hydro generation is present. The installation of TCSC in the system results in an 
increment of ATC for various scenarios. Another point to note is that the increment in ATC after TCSC installation 
is more when ATC is lower without TCSC. TCSC installation also results in smoothening of dips in ATC because of 
sharp reduction in wind power at some places.  
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